Synthesis and secretion of extracellular neutral and alkaline proteases in Aspergillus nidulans are repressed in the presence of low molecular weight sources of carbon, nitrogen and sulphur; protease is formed and released when the medium is deficient for any one of these elements. Induction of protease by exogenous protein does not occur.
I N T R O D U C T I O N
When growing on media containing a low molecular weight source of nitrogen, AspergiZZus nidulans does not produce extracellular neutral and alkaline proteases and the intracellular protease p is in an inactive or weakly active precursor form. When growing on media containing protein as sole nitrogen source, three extracellular proteases (a, 7-6, and e) are released into the medium and occur in the mycelium together with protease / 3 in its active form. This regulation of proteases by nitrogen metabolites has been called 'ammonium repression' (Cohen, 1972 (Cohen, , 1973 Pateman, Kinghorn, Dunn & Forbes, 1973) .
The experiments that established the occurrence of ammonium repression of proteases did not exclude the possibility of induction by exogenous protein. They did, however, indicate that if induction occurred it must have been subordinate to repression. This paper describes experiments on wild-type and mutant strains of Aspergillus which demonstrate that protease formation is not induced but is regulated by carbon, nitrogen and sulphur repression; synthesis of protease takes place when any one of these is withheld.
In addition it is shown that activation of the intracellular protease p is regulated by carbon, nitrogen, sulphur and phosphorus repression.
METHODS
General techniques and strains. General techniques for Aspergillus nidulans were described by Pontecorvo et al. (1953) . The strain biAI is a biotin-requiring derivative of the Glasgow wild-type and was Glasgow stock strain 051 ( F C S C~~) .
The mutant xprDr is insensitive to ammonium repression of protease and has been described previously (Cohen, 1972) ; its other defects in ammonium regulation were described by Pateman et al. (1973) . Recent results indicate that the xprDI recombinants in current use may carry an unidentified chromo-Growth in preparation for phosphorus-starvation was carried out in liquid minimal medium containing a growth-limiting concentration (0.05 mM) of potassium dihydrogen phosphate; effective phosphorus starvation could not be obtained in a transfer experiment if the phosphorus concentration during growth was higher.
Growth in preparation for cycloheximide treatment was carried out in medium containing 10 mM-ammonium ion.
Treatment media for transfer experiments were obtained by modification of minimal medium, as indicated in Table I .
Growth conditions, trarisfer experiments, protease assay and electrophoresis. Exponentially growing mycelium was harvested from thin liquid layer cultures incubated at 37 "C for 16 to 18 h after inoculation with 1 0 6 washed conidialml (Cohen, I973a) . Mycelium was filtered on sterile gauze, washed with IOO vol. of treatment medium at 37 "C, resuspended in treatment medium at 37 "C, dispensed in 10 ml portions into Petri dishes, and returned to the incubator. Such cultures contained I to 2 mg dry wt of mycelium/ml after treatment. At least two portions were pooled for each sample intended for determination of dry weight and extracellular proteasc specific activity; at least four portions were pooled for each sample intended for preparation of a mycelial extract. The methods of dry weight estimation, protease assay, specific activity calculation, mycelial extraction and protease electrophoresis on cellulose acetate have been described (Cohen, 1973 b) .
In preliminary experiments treatment was continued for 7 to 24 h but the results indicated that all changes in response to treatment could be observed during the first 5 to 7 h.
In every transfer experiment involving nutrient limitation, cessation of growth was established by determinations of mycelial dry weight.
The pH of the medium in all experiments remained between 4-5 and 6.5. PZate tests for repression of proteases. The plate test for ammonium repression of proteases has been described (Cohen, 1972) and has been used here with minor modifications. Details of these and of media used in other plate tests for repression are contained in Table 2 . and no effects on protease regulation were noted.
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R E S U L T S
Derepression of protease by nitrogen starvation and absence of induction by exogenous protein.
When mycelium growing on minimal medium was transferred to nitrogen-free medium, intracellular protease /? was activated and extracellular protease synthesis and release commenced (Fig. I) . The transfer procedure alone was without effect (Fig. 2) .
Addition of protein (Table I) to the treatment media stimulated neither yield of extracellular protease (Fig. 2) nor accumulation of proteases within the mycelium. Instead there was a small, late reduction of yield ( Fig. 2) as would be expected if the products of protein hydrolysis were leading to renewed repression.
Similar results, indicating the absence of induction, were obtained when mycelium was transferred to carbon-free medium with or without added protein. The subordinate role of induction was previously indicated by the fact that colonies growing on medium containing protein and 10 mM-ammonium ion did not release protease (Cohen, 1972) .
Derepression by carbon-or sulphur-starvation. Activation of protease /? together with synthesis and secretion of extracellular protease also followed transfer of mycelium from minimal medium to carbon-free or sulphur-free media (Fig. 3) . Release of protease by carbon-starved mycelium was not stimulated in the presence of I % (w/v) protein, or thermolysin (Calbiochem Ltd, 10 Wyndham Place, London W.1, 3 x cryst. Lot 201095), 4 ,ug/ml, or protein + thermolysin (see Drucker, I 973 ; and personal communication).
Derepression by phosphorus starvation. During growth on limiting phosphate and following transfer to phosphorus-free medium, conversion of the intracellular protease from precursor to active form occurred but the extracellular proteases were neither synthesized nor released (Fig. 3 and 4(a) -Cf>.
Inhibition of protease derepression by cycloheximide. After transfer to carbon-free or to nitrogen-free medium containing cycloheximide (5 ,ug/ml and I 00 ,ug/ml), none of the changes associated with derepression was observed.
Regulation of proteases in xprDI. This mutant was isolated by selection for colonies able to release protease in the presence of ammonium (Cohen, 1972) . When x~~D I was grown in glucose-ammonium liquid minimal medium, the intracellular protease /? occurred in its precursor forms but the extracellular proteases were synthesized and released with a specific activity higher than that of fully nitrogen-starved biAI. Protease regulation in Aspergillus nidulans 315 nitrogen-or carbon-free media, activation of the p precursors occurred as expected (Fig. 4g,   j ) . The defect in this mutant is thus confined to failure to repress synthesis and release of extracellular proteases, indicating the lack of relation between stage I and stages 2 and 3 of the derepression process ( Fig. 5 and below) . General ,features of derepression. The changes undergone by the intracellular and extracellular proteases of biAI in response to the transfer of mycelium from minimal medium to medium deficient in carbon or nitrogen or sulphur are summarized in Fig. 5 and appear to fall into three stages: stage I , activation of the precursors of intracellular protease p; stage 2, synthesis of extracellular proteases ; stage 3, secretion of extracellular proteases (in order of quantity: 8-7, e, a). Stage I alone occurs in response to phosphorus-starvation and remains repressible in the mutant xprDI. It is therefore unconnected with the regulation of A plate test for protease repression by sulphur-containing metabolites was not available.
D I S C U S S I O N
Two distinct (but connected) systems of ammonium regulation have been recognized in Aspergillus nidulans : th.e uptake of ammonium (measured by 14C-methylammonium transport) is regulated by a system responding to the internal ammonium concentration, whilst the synthesis of a variety of nitrogen catabolic enzymes and the activities of the urea and glutamate uptake systems are regulated by a system responding to the external ammonium concentration. Both of these systems of control become insensitive to ammonium repression in gdhA mutants, and a hypothesis for the molecular mechanisms of these phenomena, in which NADP-GDH plays a dual role as enzyme and regulator, has been put forward . A similar situation has been described in Saccharomyces cerevisiae by Grenson & Hou (1972) and Dubois, Grenson & Wiame (1973) .
The characteristics of extracellular and intracellular protease regulation described here indicate that two new, independent regulatory systems, each involving repression, act on the proteases of Aspergillus nidulans. Regulation of extracellular protease synthesis and release appears to be a directly adaptive mechanism: when any one of carbon, nitrogen or sulphur is limiting growth, protease synthesis is released from repression and continues until the deficient metabolite is again available. For nitrogen, as ammonium, the threshold external concentration is as low as 2 to 5 mM (Cohen, 1972) , whereas the internal ammonium concentration is at a very low level when external ammonium is at or below 10 mM (J. A.
Pateman, personal communication), indicating that the controlling effect of ammonium on protease is exerted externally or in an internal compartment too small to be detected by ammonium pool measurements. Further evidence for the importance of the external ammonium concentration in protease regulation is that when 10 mM-urea is sole nitrogen source the internal ammonium concentration is high, yet protease is not fully repressed Cohen, 1972) . No data indicate whether internal or external carbon and sulphur metabolite concentrations are important.
Regulation of activation of the precursors of the intracellular protease , 8 is through carbon, nitrogen, sulphur and phosphorus repression, activation following deprivation for any one of these elements. For nitrogen repression, the same arguments suggest that it is the extracellular concentration that is important; again no data indicate whether internal or external carbon, sulphur or phosphorus concentrations are important.
The independence of the protease regulatory systems from those previously described is demonstrated by the fact that in gdhA and five other strains with defects of ammonium regulation, ammonium repression of protease is normal. Although the properties of xprD appear to offer evidence connecting the extracellular protease regulatory system with that Protense regulation in Aspergillus nidulans 319 controlling glutamate and urea uptake and the catabolic enzymes, this possibility requires further testing in the light of the finding that a Neurospora mutant with enhanced extracellular enzyme synthesis has a cell-wall defect (Gratzner, 1972) and the suggestion that xprD may have a cell-membrane defect ).
The results relating to carbon metabolite repression of protease are difficult to assess and it is not yet clear whether the abnormalities of carbon repression in several mutants, especially gdhB, meaA and meaB, are significant in the context of regulatory mechanisms. These results are, however, important because the insensitivity of xprD to carbon and sulphur repression, coupled with the effectiveness of carbon-and sulphur-starvation in derepressing protease synthesis in biAr, point to the existence of a close connexion between nitrogen, carbon and sulphur repression and suggest that no study of the one can be complete without parallel study of the others. The existence of sulphur repression of proteases in Aspergillus niger was originally reported by Tomonaga, Ohama & Yanagita (1964) and by Tomonaga (I 966).
The regulation of proteases in Aspergillus niduZans by repression without induction may be contrasted with the results of Drucker (1972; and personal communication) who finds that in Neurospora crassa protease release requires an inductive interaction between exogenous protein, homologous or heterologous protease and intact mycelium as well as carbon starvation.
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